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Supramolecular organizationPhotosynthetic membranes accommodate densely packed light-harvesting complexes which absorb light
and convey excitation to the reaction center (RC). The relationship between the ﬂuorescence yield (φ) and
the fraction (x) of closed RCs is informative about the probability for an excitation reaching a closed RC to be
redirected to another RC. In this work, we have examined in this respect membranes from various bacteria
and searched for a correlation with the arrangement of the light-harvesting complexes as known from
atomic force or electron microscopies. A ﬁrst part of the paper is devoted to a theoretical study analyzing the
φ(x) relationship in various models: monomeric or dimeric RC–LH1 core complexes, with or without the
peripheral LH2 complexes. We show that the simple “homogeneous” kinetic treatment used here agrees well
with more detailed master equation calculations. We also discuss the agreement between information
derived from the present technique and from singlet annihilation experiments. The experimental results
show that the enhancement of the cross section of open RCs due to excitation transfer from closed units
varies from 1.5 to 3 depending on species. The ratio of the core to core transfer rate (including the indirect
pathway via LH2) to the rate of trapping in open units is in the range of 0.5 to 4. It is about 1 in Rhodobacter
sphaeroides and does not increase signiﬁcantly in mutants lacking LH2—despite the more numerous contacts
between the dimeric core complexes expected in this case. The connectivity in this bacterium is due in good
part to the fast transfer between the two partners of the dimeric (RC–LH1–PufX)2 complex. The connectivity
is however increased in the carotenoidless and LH2-less strain R26, which we ascribe to an anomalous LH1. A
relatively high connectivity was found in Rhodospirillum photometricum, although not as high as predicted in
the calculations of Fassioli et al. (2010). This illustrates a more general discrepancy between the measured
efﬁciency of core to core excitation transfer and theoretical estimates. We argue that the limited core to core
connectivity found in purple bacteria may reﬂect a trade-off between light-harvesting efﬁciency and the
hindrance to quinone diffusion that would result from too tightly packed LH complexes.chl, bacteriochlorophyll; EM,
plex (B875); LH2, Peripheral
center; Rb., Rhodobacter; Bcl.,
+33 4 42254701.
).
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Photosynthetic membranes are organized so as to absorb efﬁ-
ciently the incident light and transfer the excitation energy to the
reaction center (RC). This is achieved by densely packing the
membrane with pigmented proteins (light-harvesting complexes,
LH) connected to the RC and, on a broader scale, by membrane folding
or stacking, thus increasing the trapping section of the whole system
(cell or chloroplast). In purple photosynthetic bacteria, the RC is
surrounded by a complete or incomplete ring of core antenna (LH1),
typically composed of 16 αβ heterodimers, each accommodating apair of bacteriochlorophylls and one carotenoid. In addition to this
RC–LH1 complex (“core complex”), some bacteria have a peripheral
antenna complex, LH2 (or sometimes several types of peripheral
complexes depending on culture conditions). When present, the
amount of LH2 is regulated by light, increasing at low light intensity.
The LH2 is also an oligomeric ring of (8–9) αβ heterodimers, each
associating three bacteriochlorophylls and one carotenoid.
The photosynthetic excitation energy transfer process has been
extensively studied, notably in bacterial systems. Structural, spectro-
scopic and theoretical investigations have led to important progress for
understanding the physics involved at themolecular level (for reviews,
see part 3 in [1]). At the supramolecular level, the arrangement of the
RC–LH1 complexes, of LH2 (whenpresent) and theother components of
the photosynthetic machinery has also been investigated [2–4]. Much
valuable structural information has been produced by atomic force
microscopy (AFM) imaging of membranes from various bacteria [5].
Themigrationof excitationenergy (“excitonic connectivity”) has been
studied by several techniques, using measurements of the yield of the
Fig. 1. Various supramolecular arrangements found in membranes from purple
bacteria. (A) Hexagonal packing of monomeric core complexes (the RC is depicted as
a green oval, the LH1 as an orange ring), as found in membranes of Blastochloris viridis.
(B) Extended crystalline arrangement of the core dimers observed in tubular
membranes in some LH2-less mutants (e.g., RCLH10) of Rhodobacter sphaeroides.
(C) Monomeric core complexes and LH2 (green rings) as imaged by AFM inmembranes
of Rhodospirillum photometricum. In Refs. [23,24], it was estimated that 27% of the core
complexes have zero direct contact with another core and 44% have one core contact;
the most frequent core–core distance corresponds to intercalation of one LH2; and
besides the type of domain illustrated here with disordered mixed core-LH2
arrangement, adjacent regions of hexagonally packed LH2 are present, whose
abundance depends on growth light intensity. (D) The arrangement found in fused
membranes of Rhodobacter blasticus where 75% of the core complexes are forming
dimers. The PufX polypeptide, featured as a dark blue subunit, is believed to play a key
role in the dimeric association; its location is debated (see the review [27]). (E) The
arrangement found in fused membranes of Rb. sphaeroides, presenting short rows of
RC–LH1 dimers surrounded by LH2.
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historically [6,7]) consists in studying the relationship between the
ﬂuorescence yield F and the fraction x of photochemically closed RCs (i.e.
centers where the primary donor P is oxidized or the primary quinone
acceptor QA reduced). The ﬂuorescence yield is proportional to the
fraction of excitation which is not used up in photochemistry, thus
reﬂecting, in a complementary way, the photochemical yield. The F(x)
relationship is non-linear, which indicates that the excitation visiting
closed RCs can be redirected to open RCs, so that the trapping section of
openRCs increases as theirneighborsbecomeclosed. The “photosynthetic
units” (i.e., in bacteria, the RC–LH1 complex) are thus somehow
connected to each other. A related approach is the study of ﬂuorescence
induction kinetics F(t). In a system where the open to closed transition
can be observed as a single photochemical turnover during a continuous
illumination (e.g., in the presence of an inhibitor blocking multiple
turnover), the time course F(t) depends on the degree of connectivity [7].
Separate units will yield an exponential time course, whereas connected
units result in sigmoidal kinetics.Othermethods for studyingconnectivity
are based on the effect of photochemically generated quenchers, using
short and intense laser ﬂashes. In the singlet–triplet fusion technique [8],
the quenching is caused by the triplet carotenoid generated in the
antenna during an ~20 ns laser ﬂash. A more utilized approach has been
singlet–singlet annihilation, with ﬂashes of ~30 ps that can generate
several excitations in the same connectivity domain [9–13]. All these
techniques indicate that, in purple bacteria as in Photosystem II, the
diffusion domain of the excitation energy spreads over several core
complexes. However, there has been some debate on the extent of this
delocalization. The early investigations supported the notion of free
diffusionoververy large regions, i.e. a “matrix”or “lakemodel”picture.On
the other hand, Trissl and coworkers [14,15] and Comayras et al. [16]
concluded that the excitonic connectivity was more restricted, encom-
passing typically a few core units, which suggested kinetic and/or
structural barriers. In the present work, we revisit this issue, addressing
both theoretical and experimental aspects. The theoretical section
extends previous work [16,17] and aims at providing a comprehensive
toolbox to handle the various types of antenna organization found in
purple bacteria: i.e. monomeric or dimeric core complexes, without or
with LH2 present. This section is relatively independent from the
experimental part and may be skipped by readers primarily interested
in the latter. Our theoretical approach relies on a simpliﬁed treatment
where themigrating excitation and theopenor closed core complexes are
handled as homogeneously distributed reactants, so that a very small set
of rate constants are involved. If amore accurate treatment is desired one
should resort to a detailed description of the excitation diffusion, using
master equationorMonteCarlo calculations. A long standingquestionhas
been: how(in)accurate is the homogeneous treatment? The recent paper
by Fassioli et al. [18] provides anopportunity to answer this question. This
work applies the master equation method (andMonte Carlo simulations
aswell) for describing excitation transfer inmembranes ofRhodospirillum
photometricum, using the arrangement of the light-harvesting complexes
found byAFM.We could thus compare the results from these calculations
with those from the homogeneous treatment and, as will be shown, the
homogeneous approach did rather well in this comparison. Furthermore,
the modeling of excitation transfer in Rsp. photometricum offers the
opportunity of a comparisonwith experimental data, since this bacterium
is among those investigated here. This allows a check of the kinetic
parameters used in the model and highlights the important fact that the
effective rate constants for excitation transfer between light-harvesting
complexes are deﬁnitely smaller than generally believed.
The experimental section reports data on connectivity in various
bacteria. For some of these, independent structural information is
available (from EM or AFM), and we searched for a correlation
between both types of information. The organization schemes under
focus are shown in Fig. 1. The simplest case is a regular array of
monomeric core complexes (panel A), as encountered in Blastochloris
viridis [19,20] and probably in Rhodospirillum rubrum. Panel Billustrates the case of a regular array of dimeric core complexes, as
encountered in LH2-less mutants of Rhodobacter sphaeroides [21,22].
The other panels showmembranes were LH2 is present in addition to
core complexes, which may be monomeric as in the case of Rsp.
photometricum (C) [23,24] or dimeric as in Rhodobacter blasticus (D)
[25]. Panel E shows the organization scheme observed in membranes
of WT Rb. sphaeroides (another case of dimeric core complexes with
LH2) [26].2. Materials and methods
2.1. Bacterial strains and growth conditions
All strains were grown in Hutner liquid medium, either in
anaerobic conditions under illumination (photosynthetic growth),
or, in the case of cytochrome deleted strains and their corresponding
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growth).
Our wild type of Rb. sphaeroides was strain Ga, a spontaneous
“green” mutant of strain 2.4.1 in which the only carotenoids are
neurosporene and chloroxanthin. The double mutant CYCI7 [28] that
lacks both cytochrome c2 and the isoform “isocyt c2” was a kind gift of
Prof. T. Donohue. Mutant BC17 [29] is lacking the cytochrome bc1
complex (a kind gift of Prof. A. R. Crofts). Two LH2 lacking strains were
used, RCLH10 (a kind gift of Prof. M. R. Jones) [30] andΔLH2, whichwas
engineered in our lab by Dr. Rioux. In RCLH10 a large fraction of the puc
operon is deleted, while in ΔLH2 only a DNA fragment containing the
pucB start codon is deleted, so that it is possible that the pucA and pucC
genes are expressed in the latter. We also used the carotenoidless
spontaneous mutants R26, which lacks LH2, and R26.1, which contains
an altered LH2 complex in which the B800 peak is absent [31].
For Rhodobacter capsulatus, we used as a WT the green strain
MT1122. The double mutant FJ2 [32], lacking cytochrome c2 and the
membrane-anchored cytochrome cy, was a kind gift of Prof. F. Daldal.
Other (WT) species investigated were Rsp. photometricum, Bcl.
viridis, Rb. blasticus and Rhodopseudomonas palustris.
2.2. Membrane preparation
After reaching an appropriate optical density, cells where
harvested by centrifugation for 10 min at 8000×g and resuspended
in Tris buffer (50 mM, pH 7.0) with 25 mM KCl, washed once and
disrupted by 2 passages through a French press at 700 psi in the
presence of a protease inhibitor cocktail and DNase. Unbroken cells
were eliminated by a centrifugation (10 min, 8000×g) and the
supernatant was then centrifuged at 100 000×g for 45 min. The pellet
was resuspended in 50 mM Tris (pH 7.0) and 25 mM KCl with 20%
glycerol and stored at -80 °C.
In the LH2-less strain RCLH10, the intracytoplasmic membrane
forms tubular structures, where the RC–LH1 dimeric complexes adopt
a tightly packed regular arrangement. We attempted to purify these
tubes following the procedure of Siebert et al. [22]. After cell wall
digestion and osmotic shock, the membranes are centrifuged on a
discontinuous 15%/40%/50% sucrose gradient. The band at the 40–
50% sucrose interface was collected and submitted to a second, 30–
50% sucrose continuous gradient. The lower band formed in this
manner was enriched in tubes but still contaminated with chromato-
phore-like membranes. From EM negative staining images, we
estimate that the tubes accounted for about 20% of the total
membrane area.
2.3. Sequence determination of LH1 and LH2 in R26 and R26.1
Whereas the sequences of the α and β polypeptides of LH1 and
LH2 in strain R26.1 have been published [33], such is not the case, to
our knowledge, for R26. In order to conﬁrm the identiﬁcation of our
R26.1 strain with the one used in that previous work and also with the
aim of shedding some light on the differences between the two
strains, we sequenced the corresponding genes. This was done by PCR
ampliﬁcation using the following oligonucleotide couples: CTGCAGG
CCCACGCCCTGAA and GCACACAGCCCGAAC GGGCA for pucA; GTGAC
TGACGATCTGAACAAA and TCAGCCGAGCCACGG for pucB; ATGAG
CAAGTTCTACAAAATT and TTACTCGGCGACGG CGAC for pufA; and
ATGGCTGATAAATCCGACCTG and TCAGAACCACGGACGCCA for pufB.
The PCRproductswere then subcloned in thepCR2.1 vector (Invitrogen)
and sequenced.
2.4. Kinetic absorption and ﬂuorescence measurements
2.4.1. Apparatus
The absorption and ﬂuorescence measurements were carried out
using a modiﬁed Joliot-type spectrophotometer [34,35], in which themeasuring light consists of discrete monochromatic ﬂashes of a few μs
duration (2.3 μs width at half height; minimum time spacing of 8 ms).
This is a double beam machine with measurement (M) and reference
(R) pathways, computing the M/R ratio in order to correct the energy
ﬂuctuations of the individual ﬂashes. We implemented a new data
acquisition procedure, eliminating the differential ampliﬁer technique
and adopting a fully symmetrical treatment of the M and R pathways.
Upon each ﬂash, the current delivered by each photodiode is pre-
ampliﬁed and integrated over a duration of 14 μs using a homemade
switched integrator. With the integrator switched to the hold mode,
the integrated charge is read by a 16-bit A/D converter with multiple
sampling at 500 kHz for a duration of 8 ms, thus eliminating
quantization noise. The integrator is then reset and kept grounded
until starting a new ﬂash acquisition cycle (with user programmed
timing). The readings of the A/D converters are digitally integrated,
and the M/R ratio computed. A system of TTL selectable switches
controls a set of preampliﬁer gains (we routinely use a test ﬂash
before each acquisition series to automatically select the most
appropriate gain). The modiﬁed machine retains a similar signal to
noise performance to the original one under optimal sample
transmittance conditions, while improving it in lower or higher
transmittance conditions; because of this increased dynamical range,
the ease of use is greatly improved, facilitating automated functioning.
2.4.2. Measurements
The plots of the relative ﬂuorescence yield as a function of the
amount of closed RCs (in the P+ state) were constructed by
monitoring the reduction kinetics following a saturating continuous
illumination (1.5 s duration) ensuring full oxidation of P+. The
membrane sample was suspended in a Tris (50 mM, pH 7.0)–KCl
(25 mM) medium in the presence of 1 mM sodium ascorbate to
ensure full reduction of P in the dark and 2 μM myxothiazol to block
cyclic electron transfer. In some experiments, a small concentration of
PMS (10 nM) was also added in order to accelerate the reduction
kinetics. We found that the addition of valinomycin (2 μM) and
nigericin (2 μM) had no signiﬁcant effect on our measurements and
most of the experiments were carried out in the absence of these
ionophores. Fluorescence was excited by weak excitation ﬂashes at
490 nm (or 420 nm in carotenoidless samples) andmeasured through
a Wratten 89B ﬁlter transmitting wavelengths longer than 710 nm.
Thus, the excitation and detection conditions were not selective with
regard to LH1/LH2. The P+ kinetics were monitored through the
absorption change at 790 nm, using a low pass (λb800 nm) dichroic
ﬁlter (Melles–Griot). The ﬂuorescence and absorption kinetics were
recorded with the same timing of the detection ﬂashes and several
traces were averaged, sandwiching the absorption measurements
between two series of ﬂuorescence measurements, in order to
minimize the effect of a possible drift of the reduction kinetics.
The ratio of maximal to minimal ﬂuorescence yield, R=Fm/F0, was
measured separately, because the 180° excitation beam used for
recording the ﬂuorescence kinetics implied a signiﬁcant offset due to
the ﬂuorescence of the ﬁlter excited by the transmitted light. We
recorded directly the ﬂuorescence rise excited by the continuous
actinic illumination with blue light directed perpendicular to
detection. The initial (F0) and ﬁnal (Fm) levels were thus obtained
after subtracting the offset measured with water in the cuvette (the
scattered light intensity hitting the ﬂuorescence ﬁlter was not
changed signiﬁcantly when replacing the sample by water).
3. Results
3.1. Theoretical aspects
The pigment organizationwithin the LH2 or LH1 oligomers implies
a delocalization of the excitation energy over the closely interacting
bacteriochlorophylls constituting the B850 ring in LH2 or the B875
Fig. 2. The simpliﬁed scheme used for modeling excitation transfer in the LH1–LH2
system. The LH2 complexes are treated as a collective domain interacting with the open
or closed core complexes (featured as squares). Lower case k indicate transfer rate
constants, upper case K indicate decay rate constants.
1783M. de Rivoyre et al. / Biochimica et Biophysica Acta 1797 (2010) 1780–1794ring in LH1. This trend is however partly offset by disorder and
coupling with vibrations, so that the exciton is probably localized on
and hopping between groups of pigments rather than spread over the
entire ring [36–38]. Nevertheless, intra-complex transfer is fast
compared with inter-complex transfer, so that one may describe the
overall process as a series of hops between these complexes. In order
to characterize the path followed during this random walk, we will
focus on the probability that the excitation present in a core unit may
reach another core unit either directly or indirectly through LH2.
The excitation residing on a core unit (labeled i) may disappear by
several routes. It may be transferred to other complexes (j, k...) with
rate constants kij, kik...; it may be trapped by the open or closed RC
(with rate constants ko or kc, respectively); and it may decay through
ﬂuorescence or heat, with rate constant kL. For compactness, we lump
together the decay processes in the core complexes within collective
rate constants:
Ko ≡ ko + kL
Kc ≡ kc + kL
ð1Þ
Similarly, the fate of the excitation in LH2 complexes can be
described by a time constant for local decay (K2, expected to have a
value similar to kL) and a set of rate constants for transfer to other
units.
The most detailed way to describe the excitation dynamics for a
particular organization of the complexes is to specify the above rate
constants (in particular those pertaining to the transfer between
complexes, depending on the geometry of the system) and solve the
linear system:
dpi
dt
= Ai− Ki + ∑
j
kij
 !
pi + ∑
j
kjipj ð2Þ
In this equation, pi is the probability that complex i is excited (we
only consider the case where one excitation at most resides in the
whole system), Ai is the rate of light absorption by complex i, Ki is the
rate of local decay and kij is the rate of transfer from complex i to
complex j. This is the master equation approach [10,18,39–41]. Eq. (2)
can be solved analytically. It can be used to study the excitation decay
following a brief ﬂash, or, as of interest here, the fate of the excitation
under steady-state illumination, taking zero for the time derivatives
and constant values for Ai. This approach has both the advantage and
disadvantage of a detailed microscopic description: it is in principle
the most accurate way to proceed, but it may involve many
parameters if the array of LH complexes is portrayed in a realistic
manner.
An alternative treatment is to ignore the geometrical particulars
and deal with excitation migration as with diffusing, homogeneously
distributed, chemical species [6,7,17,42]. In this approach, instead of a
large number of transfer rate coefﬁcients, one only needs one if only
core complexes are involved and four if LH2 is present (or three if
LH2 is treated as a single domain, as in Fig. 2). Furthermore, the
distribution of open/closed RC is assumed homogeneous: if the
fraction of closed core units is x, then the excitation transfer to closed
or open complexes is simply assigned probabilities x or 1−x, respec-
tively. This treatment offers considerable simpliﬁcation but the
question is whether this entails an unacceptable loss of accuracy.
The answer depends on the issue under scrutiny: when average, more
or less qualitative effects are examined, the homogeneous treatment
is advisable. Indeed, on the one hand, the kinetic parameters involved
in the homogeneous approach can be thought of averages of the more
detailed parameters involved in the master equation description. On
the other hand, it seems that local effects, such as the tendency
toward a clustering of closed RCs during an induction experiment
(an open RC has enhanced probability to become closed when its
neighbors are closed), generally do not entail big differencesregarding, e.g., the dependence of the ﬂuorescence yield upon the
overall fraction of closed RCs. This appears for instance when
simulating the induction kinetics in core dimers, as shown in
Section 3.1.4. We shall also compare (Section 4.2.4) the outcomes of
the detailed master equation calculation run by Fassioli et al. [18] and
of the homogeneous approach and show a good agreement between
both.
In the following, we shall use the homogeneous approach, ﬁrst
dealing with general aspects regarding the quantitation of connec-
tivity from ﬂuorescence yield data. We then examine speciﬁc models,
i.e. an array of core complexes ﬁrst in the absence then in the presence
of LH2. Finally, we deal with the modiﬁcations entailed by considering
dimeric rather than monomeric core complexes.
3.1.1. Excitonic connectivity and dependence of the ﬂuorescence yield on
the amount of closed RCs
The effect of connectivity is to redirect excitons impinging on
closed RCs toward neighboring units. As more RCs become closed, this
increases the photochemical cross section of the still open RCs, which
entails a concave curvature of the function F(x), relating the
ﬂuorescence yield to the fraction x of closed RCs. For convenience
we shall use the normalized variable ﬂuorescence φ, comprised
between 0 and 1:
φ xð Þ≡ F xð Þ−F0
Fm−F0
ð3Þ
F0≡F(0) is the basal ﬂuorescence yield and Fm≡F(1) is the
maximum yield.
Due to the complementarity of ﬂuorescence and photochemistry,
the photochemical yield of the system is proportional to 1−φ(x). To
express this as a relative trapping efﬁciency per RC that we denote as
σ, we divide by the fraction of open RCs, 1−x:
σ xð Þ = 1−φ xð Þ
1−x ð4Þ
Now, two quantities, related to the initial (x=0) and ﬁnal (x=1)
slopes of φ(x), are useful for assessing the physiological role of
connectivity. First, one may consider the case where most units are
open (x≈0) and ponder how much the closing of one unit increases
the cross section of its neighbors. This is:
Γ0 ≡
dσ
dx
 
x=0
= 1− dφ
dx
 
x=0
ð5Þ
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increase of the cross section for an open unit in a context of closed
units (x≈1). This is σ(1), i.e.:
Γ1 ≡ σ 1ð Þ = lim
x→1
1−φ xð Þ
1−x
 
=
dφ
dx
 
x=1
ð6Þ
In the experimental part of this paper, we investigate the excitonic
connectivity in various bacteria by analyzing the φ(x) relation.
However, as pointed out by Trissl [14] the ﬂuorescence induction
kinetics depend on connectivity in a more sensitive way than φ(x).
This is because the effect is, so to say, squared. First, the connectivity
modiﬁes the time course for the photochemical closing of traps x(t).
The progressive enhancement of the trapping section of the still open
units results in more linear kinetics than the exponential that would
be observed for isolated units. This modiﬁed time course is then
further affected by the hyperbolic φ(x) relation, so that the
“straightened” x(t) curve becomes a sigmoid when monitored as
φ(t). However, despite the sensitivity advantage of the induction
method, the approach based on the analysis of φ(x) remains a quite
viable option. It is technically simpler to implement, not requiring
cytochrome c2 depletion for instance. It is also less sensitive to
heterogeneity effects, be they of biological relevance or instrumental.
3.1.2. Array of monomeric core complexes
This situation applies to the case of Fig. 1A. It corresponds to the
“connected units model” treated by Lavergne and Trissl [17]. The
expression for φ(x) is:
φ xð Þ = x
1 + J−J x ð7Þ
This hyperbolic function depends on the “connectivity parameter”
J. It has an initial slope (for x→0) equal to 1/(1+ J). For x→1, the
slope is 1+ J. The fact that the product of these slopes is 1 reﬂects the
symmetrical shape of the hyperbola which cuts the diagonal of slope 1
at equal angles. Thus, the Γ connectivity indicators are, using Eqs. (5)
and (6):
Γ0 =
J
1 + J
Γ1 = 1 + J
ð8Þ
Notice that Γ0 corresponds to the transfer probability p as deﬁned
by Joliot and Joliot [7].The expression of J in terms of the rate constants
is [14,17]:
J =
kt Ko−Kcð Þ
Kc kt + Koð Þ
ð9Þ
The ratio R of the maximum to minimum ﬂuorescence levels is:
R≡ Fm
Fo
=
Ko
Kc
ð10Þ
So that one can write Eq. (9) as:
J =
R ktKo + 1
kt
Ko
+ 1
−1 ð11Þ
This shows that the maximum value of J, corresponding to the case
of the lake modelwhere kt is large comparedwith the local decay rates,
is Jlake=R -1 and the corresponding value of Γ1 is R. For instance, if we
assume a value Fm/F0=3, an open unit immersed in an array of closedunits will enjoy at most a 3-fold enhancement of its trapping section.
The ratio of kt to Ko can be expressed as a function of J and R [14]:
kt
Ko
=
J
R− J + 1ð Þ ð12Þ
The lifetime of an excitation when all units are closed is Kc−1 while
the lifetime of an excitation in a particular unit is (Kc+kt)−1.
Therefore, the average number of units visited by an excitation in
an array of closed units is:
Nc =
kt + Kc
Kc
ð13Þ
Using Eqs. (9 and 10) and (13), one can express Nc as:
Nc =
R−1ð Þ J + 1ð Þ
R− J + 1ð Þ ð14Þ
When J= Jlake=R−1, Eq. (14) predicts Nc→∞, as expected. For
typical values such as R=3, J=1, one obtains Nc=4 units.
3.1.3. Monomeric core complexes interacting with LH2
This is the case found e.g. in Rsp. photometricum or in the PufX−
mutant of Rb. sphaeroides. We consider the scheme of Fig. 2, where
LH2 is treated as a single unit that can interact with any core complex
(the rate constants are denoted as k21 and k12). Besides the interaction
with LH2, excitation transfer between core complexes occurs with
rate constant kt.
A theoretical treatment for this model was given by Lavergne and
Trissl [17] (“general model”). Here are the results, recast in a more
tractable form. Even though the expressions for the absolute
ﬂuorescence yield and Fm/F0 ratio are more complex since they
depend on the relative absorption in the two antenna domains, the Eq.
(7) for the normalized ﬂuorescence yield remains valid. Also, the
expression for J retains a similar form as that of Eq. (9):
J =
k0t K
0
o−K 0c
 
K 0c k
0
t + K
0
oð Þ
ð15Þ
The primed quantities are:
K 0o ≡ Ko + k12−κ= Ko +
k21
L
−κ
K 0c ≡ Kc + k12−κ= Kc +
k21
L
−κ
k0t ≡ kt + κ
κ ≡ k12k21
k21 + K2
=
k21
L 1 +
K2
k21
 
ð16Þ
In the above expressions, we introduced L≡k21/k12, the equilib-
rium constant of excitation transfer between LH2 and LH1. The
interpretation of the modiﬁcations performed in Eq. (16) is
straightforward: κ is the rate constant for the overall transfer event
LH1→LH2→LH1, so this term has to be added to kt for transposing
the connected unit model into the present model; similarly, (k12−κ)
is the rate constant for the transfer from LH1 to LH2 and decay in LH2:
it must be added consequently to the “local” decay constants Ko and
Kc. If k21 NNK2, one has simply κ≈k12.
When the light absorption takes place entirely in LH1, the ratio Fm/
F0 is:
R1 =
K2 + Ko L +
K2
k12
 
K2 + Kc L +
K2
k12
  ð17Þ
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R2 =
Kc
k12
+ L + 1
Ko
k12
+ L + 1
0
@
1
A R1 ð18Þ
Fig. 3 shows plots of the above expressions for J and R. Panel A
shows how kt and k21 affect J. A high J value can be achieved through
efﬁcient direct (high kt) or indirect (high k21) transfer. As noted above,
R depends on the antenna domain where light is absorbed (panel B).
For LH2 excitation, R2 increases as the transfer efﬁciency to LH1
increases, reﬂecting the effect of losses in LH2. The opposite behavior
occurs when LH1 is directly excited. In this case the increased
efﬁciency of transfer toward LH2 implies higher losses in the LH2. The
impact is moderate, however, inasmuch as the equilibrium constant L
favors the localization of the excitation in the LH1 domain.
The equilibrium constant L≡k21/k12 depends on both enthalpic
and entropic terms. The energy gap hΔν between 850 nm (LH2) and
875 nm (LH1) is about 40 meV, which by itself would predict, roughly,
L≈5 at room temperature; more accurately, from spectral overlaps
one obtains a ﬁgure of ~3 [13]. The entropic contribution depends on
the relative abundance of LH2. It may be roughly estimated as lnFig. 3. Dependence of ﬂuorescence parameters on transfer rates in the LH1–LH2 model
described in the text. (A) Connectivity parameter J as a function of kt for three values of
k21 (0.1, 1 and 10 times Ko, as indicated). The transfer equilibrium constant between LH2
and LH1 was L=5 (solid curves) or 1 (dashed curves). (B) The Fm/F0 ratio (R) as a
function of k21 when light is absorbed by LH1 (dark blue curves) or LH2 (light blue), for
L=5 (solid curves) or 1 (dashed curves). For both panels it was assumed that Ko/
Kc=3.5 (corresponding tomaximumvalues Fm/F0=3.5 and Jlake=2.5) and K2=Ko/20.[(number of B850)/(number of B875)], assuming that the number of
states involved in the partition function can be approximated as the
number of Bchls. For instance, if this ratio is about 2, the value of L
becomes≈1.7. The effect of L is shown in Fig. 3, where the solid and
dashed curves were computed with L=1 and 5, respectively.
When all the rate constants for excitation transfer (kt, k12, k21) are
large with respect to the decay rate constants (Ko, Kc, K2), the
excitation is rapidly equilibrated over the LH2–LH1 domains so that R1
and R2 tend to the same value (Rlake) (see Fig. 3 B). Under such
conditions, J assumes its maximum value, Jlake and, as in the LH1-only
model, one has Rlake= Jlake+1. One should notice, however, that,
under “non-lake” conditions, it is possible to observe J+1NR, at
variance with the LH1-onlymodel. For instance, let us assume that the
light is equally absorbed by both antenna domains so that the
observed R is themean of R1 and R2. Then if we assume (for the sake of
illustrating the present point) k21=Ko/10, kt=10 Ko and L=1, one
has J≈2 (Fig. 3A) and R≈2.27 (Fig. 3B).
3.1.4. Isolated dimeric core complexes
In bacteria belonging to the genus Rhodobacter, such as Rb.
sphaeroides and Rb. blasticus (and presumably Rb. capsulatus), the core
complexes are associated (together with polypeptide PufX) in dimeric
structures. To address this case, we ﬁrst deal with isolated core dimers,
such as the puriﬁed complexes of RC–LH1 dimers from Rb. sphaeroides
studied by Comayras et al. [16]. The theoretical treatment for obtaining
φ(x) was given in the supplemental data online for this paper. Denoting
as D0, D1 and D2 the fraction of dimers with 0, 1 or 2 closed RCs,
respectively, the normalized variable ﬂuorescence is:
φ D1;D2ð Þ = D2 +
D1
2
1 + ρ
1 + ρR
ð19Þ
The parameter ρ characterizes the efﬁciency of excitation transfer
between the two monomers. Denoting as kdim the rate constant for
this transfer, ρ is deﬁned as:
ρ≡ kdim
kdim + Ko
ð20Þ
In the case of a random (binomial) distribution of closed RCs (as
expected during the reduction kinetics of P+ in the dark, but not
during the induction kinetics under light, as discussed below), one has
D1=2 x (1−x) and D2=x2, so that:
φ xð Þ = x2 + x 1−xð Þ 1 + ρ
1 + ρR
ð21Þ
At variance with the symmetrical hyperbola obtained for arrays of
monomeric cores (Eq. (7)), Eq. (21) is parabolic Eqs. (7) and (21) is
parabolic and one has:
Γ0 = 1−
dφ
dx
 
x=0
=
ρ R−1ð Þ
1 + ρR
ð22Þ
Γ1 =
dφ
dx
 
x=1
=
1 + ρ 2R−1ð Þ
1 + ρR
= 1 + Γ0 ð23Þ
The “lake” case, where the transfer efﬁciency is “perfect” (in the sense
that increasing it causes no further change) corresponds to ρ≈1. One
has then:
Γ0 =
R−1
R + 1
Γ1 =
2R
R + 1
ð24Þ
As expected, when ρ≈1 (high transfer efﬁciency) and R NN1
(negligible quenching by the closed RC), Γ0→1 (a closed RC transfers
with probability 1 its excitation to an open partner) and Γ1→2 (the
Fig. 4. The φ(x) relationship in dimer models, assuming R=4 and rapid intra-dimer
transfer. (A) Isolated dimers. The red curve corresponds to a random (binomial)
distribution of the closed RCs among the dimers (as expected, e.g. during the reoxidation
of P+ in the dark). The green curve corresponds to an induction experiment, monitoring
φ and x during the photo-oxidation transient induced by a continuous illumination: the
distribution of closed RCs is then biased because of the increased cross section of open
RCswhich have a closedRC partner in the dimer. (B) The red curve is the same as in panel
A (isolated dimers with random distribution of closed RCs). The solid blue curve was
computed for connected dimers, assuming kt=Ko. The dashed blue curve is the φ(x)
function for monomers with kt=Ko.
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In the puriﬁed dimeric complexes from Rb. sphaeroides, it was found
that ρ is indeed close to 1 (the transfer betweenmonomers is fast with
respect to the trapping rate), so that with the value R≈4 found in this
material, one has Γ0≈0.6 and Γ1≈1.6, i.e. the quenching by the closed
RC limits signiﬁcantly the cross-section enhancement in mixed
(closed/open) dimers. The value of J in Eq. (7) that would yield
Γ1 ≈ 1.6 is 0.6 (in fact a ﬁt of the whole φ(x) function with Eq. (9)
gives a somewhat larger J≈0.8).
During an induction experiment (closing progressively the RCs
under a continuous illumination), the distribution of closed RCs will
not be random because of the enhanced trapping section of an open
RC when its partner is closed. Assuming perfect transfer (ρ≈1), the
kinetic equations are:
dD0
dt
= −k01D0
dD1
dt
= k01D0−k12D1
ð25Þ
The rate constants are (with A denoting the rate of light absorption
per monomer and using the fact that R = 2ko + kLð Þ= 2kc + kLð Þ):
k01 = 2A
2ko
2ko + kL
k12 = 2A
ko
ko + kc + kL
= k01
R
1 + R
ð26Þ
The integration gives (with initially D0=1, D1=D2=0):
D0 tð Þ = exp −k01tð Þ
D1 tð Þ = 1 + Rð Þ exp −
R
1 + R
k01t
 
−exp −k01tð Þ
  ð27Þ
The induction time course φ(t) is obtained from Eqs. (19) (with
ρ=1) and (27). The fraction of closed RCs is x(t)=0.5 D1(t)+D2
(t). One can thus compare the φ(x) relation during the induction
with Eq. (21), corresponding to a binomial distribution of closed
RCs, as shown in Fig. 4A. The effect of connectivity during the
induction is to accelerate the disappearance of the mixed state
(open/closed), thus depleting D1 with respect to a random dis-
tribution of closed RCs. The random distribution, on the other hand,
is expected to occur during the dark decay of the RCs back to the
open state. The result is that the concavity of the φ(x) curve during
the induction is somewhat diminished with respect to the random
case. The effect is rather small, but could perhaps be discernible
experimentally.
3.1.5. Interacting dimeric core complexes
We ﬁrst consider an array of dimeric complexes, without LH2, as
encountered in membranes of Rb. sphaeroides lacking LH2 (RCLH10).
We retain from the previous work [16] that the intra-dimer
connectivity appears perfect (ρ≈1) in isolated complexes. It is thus
reasonable to assume that this remains so in membranes where, in
addition, transfer may occur between different core complex dimers
and to/from LH2. This assumption simpliﬁes the treatment described
below.
As above, we denote as D0, D1 and D2 the fractions of dimers with
0, 1 and 2 closed RCs and similarly pi (with i=0, 1, 2) the probability
that each type of dimer carries one excitation. The local deactivation
in a dimer of each type is denoted as Ki. In complexes with perfect
intra-dimer transfer, one has:
K0 = 2Ko
K1 = Ko + Kc
K2 = 2Kc
ð28ÞThe rate constant for inter-dimer transfer is denoted as kt. The
excitation ﬂux into a given complex is 2 A (where A is the light
absorption rate per monomer), plus the transfer from all other units
(see Eq. (2)), while the outgoing ﬂux is the sum of local decay plus
transfer to all other units. At steady-state both ﬂuxes are equal, so
that:
2A + kt D0p0 + D1p1 + D2p2ð Þ = pi Ki + ktð Þ ð29Þ
This system (one equation for each i) is easily solved, yielding:
pi =
2A
Ki + ktð Þ 1−kt ∑
2
j=0
Dj
Kj + kt
 ! ð30Þ
Fig. 5. Determination of J in various strains of Rhodobacter sphaeroides. (A) Normalized
kinetics of the ﬂuorescence yield (dark green) and of the absorption change at 790 nm
(light green). The data were obtained during the reduction of P+ in the dark, following a
saturating illumination of membranes of Rb. sphaeroides Ga, in the presence of
ascorbate (1 mM) and myxothiazol (2 μM). (B) Plots of the φ(x) relationship
(normalized ﬂuorescence yield vs. normalized 790 nm absorption change) and their
ﬁts. Curve 1, Ga strain, data from panel A; curve 2, strain R26; curve 3, strain R26.1. The
lines are ﬁts using Eq. (7), yielding J=0.87, 2.30 and 0.40, respectively. The values of R
in the same membranes were 3.35, 2.60 and 1.60, respectively.
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F D1;D2ð Þ = krad ∑
2
i=0
piDi ð31Þ
(with D0=1- D1−D2). One can then compute φ(x), assuming for
instance that the closed RCs are randomly distributed. It may be
checked that Eqs. (30 and 31) lead to Eq. (19) when kt=0.
Fig. 4B shows the φ(x) curves for dimers with perfect intra-dimer
transfer efﬁciency (one assumes R=4 and a random distribution of
closed RCs) in the absence (red) or presence (blue) of inter-dimer
transfer. In the latter case, it was assumed that kt=Ko, i.e. a
moderately efﬁcient inter-dimer transfer. For connected monomers,
this would imply J=1.5 (Eq. (11)), and the φ(x) curve for this case
(Eq. (7)) is shown as a dashed curve. It appears that the connectivity is
rather similar for connected monomers or dimers, even though the
intra-dimer connectivity is assumed to be maximally efﬁcient. The
reason is that the increased transfer due to inter-dimer connectivity is
in part withdrawn from intra-dimer transfer so that the two pathways
do not add up.
Finally, the case of wild type Rb. sphaeroides (or Rb. blasticus or
capsulatus), where the dimeric core complexes are interacting with
LH2, can be treated by using the above equations with modiﬁed Ko, Kc
and kt rate constants that take into account the effect of LH2, as shown
above (Eq. (16)).
3.1.6. Conclusion: connectivity indicators
1. Although the theoretical validity of expression (7) for φ(x) is
limited (it does not apply to the case of dimeric core complexes, for
instance), it provides nevertheless an acceptable approximation in
practice. The model developed for an array of core complexes can
incorporate the presence of LH2 with a simple redeﬁnition of rate
constants (Eqs. (16)). On the other hand, the effect of a privileged
transfer within dimeric core complexes (i.e., a dissymmetrical φ(x)
curve) wanes rapidly as inter-dimer transfer is allowed.
2. The value of J obtained by ﬁtting φ(x) provides an estimation of
the slopes of φ(x) at x=0 and 1, which are related to Γ0 and Γ1, i.e.
quantities which have a model-independent signiﬁcance. These
quantities are indicative of the physiological incidence of connectivity,
i.e. the extent to which closed RCs redirect excitation energy toward
open RCs. From the values of J and of R, one can further compute two
quantities of interest, kt/Ko and Nc, as discussed below.
3. The ratio kt/Ko is obtained from Eq. (12). One may thus estimate
kt, since Ko is known for several bacteria (it is the reciprocal of the
ﬂuorescence lifetime when the RCs are open) and appears fairly
constant (30–60 ps)−1. The ratio kt/Ko does not depend on the
efﬁciency of quenching by the closed RC so that it does not depend on
whether the closed state is P+ or QA−: this will affect R and J, but not
their combination in expression (12). Therefore, it is a good indicator
for comparing connectivity among different species, which may have
different values of R. One should keep in mind, however, that Eq. (12)
applies in a model where connectivity is only limited by kt while the
array of LH complexes is assumed to be unbounded and homoge-
neous. To take an extreme counterexample, isolated dimers would
yield a low (apparent) kt/Ko value even though the intra-dimer
transfer rate between the monomeric units is rapid: this reﬂects only
the small size of the connected domain.
4. The second quantity of interest is Nc (Eq. (14)), the average
number of core units visited by the excitation when the RCs are
closed. This quantity depends both on kt and on R: a large value of Nc
requires a fast transfer between units and a low trapping by closed
RCs. Strictly speaking, the validity of Eq. (14) is limited to the
homogeneous model, but it turns out that it is still applicable in
domain models (using the value of J obtained from a ﬁt of φ(x)). The
homogeneous model does not distinguish between the average
number of hops from one unit to another and the smaller averagenumber of different units visited. The difference between both
quantities is small when one considers randomwalk in an unbounded
two-dimensional array, but becomes important when dealing with
small domains. It turns out that in the latter case, the Nc obtained with
Eq. (14) is close to the number of different units visited, as one obtains
Nc≈2 or 3 with domains of two or three unit (and fast intra-domain
transfer), respectively (not shown). Thus, Nc is a reasonably model-
independent indicator and will be useful for a comparison with
annihilation data (see Section 4.2.).3.2. Experimental results
3.2.1. J and R determinations
Fig. 5 shows a typical experiment. Panel A shows the time courses
of the absorption signal (790 nm) used for monitoring P+ and of the
ﬂuorescence yield in membranes of Rb. sphaeroides WT. Both signals
were normalized to their full amplitude. The data points correspond
to the weak monochromatic probe ﬂashes used in our setup, with the
same timing in both experiments. The faster decay of ﬂuorescence
with respect to absorption reﬂects the non-linear φ(x) dependence.
Table 2
Comparison of the genes coding for the light-harvesting complexes in strains R26, R26.1
and WT. — indicates that the sequence was found identical with that of the WT (2.4.1
genome from NCBI ID: NC_007493).
R26 R26.1
LH1 α (PufA) β (PufB) — Leu30→Pro Val22→Ala Leu30→Pro
LH2 α (PucA) β (PucB) Val24→Phe — Val24→Phe —
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yielding J≈0.87. Analogous data are also shown for other Rb.
sphaeroides strains (R26, curve 2 and R26.1, curve 3) where the
connectivity is larger and smaller, respectively, than in the WT. The
particular time course of P+ reduction (generally multiphasic) in
the dark or its mechanism does not matter in such experiments where
the focus is on the relation φ(x). In mutants devoid of cytochrome
donors (CYCI7, FJ2), the reduction of P+ proceeds via a back reaction
with the reduced acceptor QB−, rather than via the slower reduction by
ascorbate that takes place in other strains. For each sample we also
determined the Fm/F0 ratio as described under Section 2.4. Table 1
compiles the results that we obtained for J and R in the various
materials investigated.
The values of J and Rwere used to compute kt/Ko and Nc (columns
4 and 5 in Table 1), according to Eqs. (12) and (14), respectively. The
use of these expressions is problematic, however, when LH2 is present
since one should then rather use the model described in Section 3.1.3.
In this case, the ratio kt/Ko (or even kt′/Ko′ , using the correspondence
rules of Eq. (16)) cannot in general be expressed as a simple function
of J and R. Notably, R depends on the fraction of light absorbed by the
two antenna domains (Eqs. (17 and 18)) and, as noticed earlier, one
may even have JN(R−1) if R2 is small due to losses in the LH2
domains. In practice, the losses in LH2 are relatively small, although
not negligible. In Rb. sphaeroides, when exciting selectively LH1, the
ﬂuorescence emission spectrum appears close to its equilibrium
composition (e.g., an LH1/LH2 ratio≈3–6) and is hardly modiﬁed
when the RCs are closed (i.e. over a 3-fold increase of the excitation
lifetime and ﬂuorescence yield) [66]. However, when exciting LH2 the
relative LH2 emission is larger, especially when the RCs are open
[65,67]. From these literature results and from the small increase of R
that we obtained with LH2-less Rb. sphaeroides, the situation seems
similar to that depicted in Fig. 3B, in the region where log(k21/
Ko)≈0.5–1. Under such conditions (i.e., not too far away from
excitation equilibration over the two antenna domains), the values
computed for kt/Ko and Nc retain their signiﬁcance for the effective
connectivity between core units (including the through-LH2 path-
way) and are useful for comparing different strains: see Section 4.2.4
for an illustration of this point.Table 1
Connectivity parameters in membranes of the different strains investigated. The
bacteria were grown under photosynthetic conditions except where indicated s-a
(semi-aerobic growth in the dark). The values of J and Rwere measured as described in
the text and averaged over 2–6 different preparations. kt/Ko (or the equivalent kt'/Ko'
for LH2 containing strains, in the notation of Section 3.1.3, see discussion at the end of
Section 3.2.1) and Nc were computed using Eqs. (12) and (14), respectively, except in
the case of R26 where JNR−1 (see text). The reproducibility of the J and R values for
experiments run on a given membrane preparation was good (about±0.02). However,
the ﬂuctuations from one preparation to another were larger. Considering the results
with Rhodobacter sphaeroides Ga, for which we have the largest number of assays, the
ranges for J and R were 0.80 to 1.66 and 2.60 to 3.65, respectively, for photosynthetic
cultures and 0.70 to 1.15 and 1.96 to 3.75, respectively, for semi-aerobic cultures.
Strain J R kt/Ko Nc
Rb. sphaeroides/Ga 1.06 3.44 0.77 3.64
Rb. sphaeroides/Ga/s-a 0.74 2.34 1.23 3.89
Rb. sphaeroides/RCLH10 1.20 3.66 0.82 4.01
Rb. sphaeroides/ΔLH2 1.16 3.91 0.66 3.59
Rb. sphaeroides/CYCI7/s-a 1.88 4.57 1.11 6.08
Rb. sphaeroides/BC17/s-a 0.99 2.69 1.41 4.80
Rb. sphaeroides/R26 2.30 2.60 - -
Rb. sphaeroides/R26.1 0.58 1.78 2.90 6.16
Rhodopseudomonas palustris 1.49 2.85 4.14 12.80
Rhodospirillum photometricum 1.95 4.00 1.86 8.43
Rhodobacter capsulatus/MT1131 0.52 3.76 0.23 1.87
Rb. capsulatus/MT1131/s-a 0.53 2.64 0.48 2.26
Rb. capsulatus/FJ2/s-a 1.38 3.53 1.20 5.24
Rhodobacter blasticus 0.86 3.27 0.61 2.993.2.2. The R26–R26.1 case
As shown in Table 1, the highest value of J was obtained with the
carotenoidless Rb. sphaeroides strain R26, which is also lacking LH2.
Yet, the R value in this strain is not particularly high so that this couple
of values markedly contravenes the “rule” J≤R−1. Furthermore, the
daughter strain R26.1 displays a contrasting behavior, since its J value
is the lowest among the Rb. sphaeroides strains (see Fig. 5B). As R26,
R26.1 is devoid of carotenoids, but it has recovered the ability to
assemble LH2—although as an impaired complex that lacks the B800
band [43]. In order to get some clues for explaining these results, we
examined more closely some characteristics of the light-harvesting
complexes in these strains.
The α and β polypeptides of LH2 and LH1 from strain R26.1 were
sequenced [33] and compared with those of the WT [44,45]. Two
differences were found in R26.1: an αVal24→Phe change in LH2 and
a βLeu30→Pro change in LH1. In order to check the conformity of our
R26.1 strain, we sequenced the genes coding for these polypeptides in
both R26.1 and R26. The results are shown in Table 2. For our R26.1
strain, in addition to the modiﬁcations reported by Theiler and
coworkers [44], we also ﬁnd an αVal22→Ala replacement in LH1.
This modiﬁcation is absent in R26 (for which no previous sequence
data exist), but the two other mutations are present.
Spectroscopic features of the R26 and R26.1 strainswere studied by
Robert et al. [46] who reported that the LH1 content (B880) was
diminished in R26.1 compared with R26, when normalizing to the RC
bands.We reexamined this issue and compared in this respect the R26
and R26.1 strains with carotenoid-containing LH2-less strains. Our
two LH2-lacking strains, RCLH10 and ΔLH2 had very similar spectra,
whichwere also very similar to the spectrum of puriﬁed RC–LH1–PufX
complexes [47], thus containing 13 and 14 αβ heterodimers (26–28
LH1-Bchls) per RC. Fig. 6A shows low temperature spectra,whichwere
normalized to the RC absorption bands (750 nm and 800 nm). Clearly,
the LH1 content is markedly larger, by about twofold, in R26 than in
ΔLH2. The inset shows room temperature spectra of the Qx band of
Bchl for R26 and our LH2-less strains, again normalized on the amount
of RC, now estimated from the light-induced absorption change
associated with the oxidation of P. This indicates again an ~twofold
relative increase of LH1 in R26. To analyze the case of R26.1,we plotted
(Fig. 6B) its difference spectra with R26 and ΔLH2, using the RC-
normalized spectra of panel A. The negative lobe around 900 nm
appearing in the R26.1–R26 difference implies that the LH1 content is
larger in R26 than in R26.1. On the other hand, the difference
R26.1–ΔLH2 results in a plausible “pure LH2” band, peaking at 867 nm.
Although this is a rather coarse assessment (especially since the
carotenoidless LH1 peaks at a 4-nm shorter wavelength than native
LH1), this suggests that the LH1/RC ratio in R26.1 is not very different
from the “normal” value found in ΔLH2. Therefore, our data conﬁrm
the ﬁnding of Robert et al. [46] of a diminished LH1/RC ratio in R26.1
with respect to R26, but the anomalous strain in this respect turns out
to be R26, with its ~twofold enrichment in LH1, rather than R26.1.
4. Discussion
4.1. Fm/Fo (R) ratio
This parameter is expected to depend on two factors. The ﬁrst one is
a property of the core complex, i.e. the relative quenching efﬁciency of
Fig. 6. Absorption spectra of membranes from strains R26 and R26.1 compared with
LH2-less strains. (A) Themain panel shows spectra recorded at 77 K with membranes of
strains ΔLH2 (blue), R26 (red) and R26.1 (dark pink) in a 66% glycerol medium. The
spectrawere normalized so as to have the same integral above a line drawn from733 nm
to 823 nm (i.e., normalizing on the 800-nm and 750-nm bands of the RC). To facilitate
comparison, the spectra were slightly tilted in order to be tangent to the baseline at
625 nm and 950 nm. The peak positions are: 887 nm for ΔLH2, 883 nm for R26 and
869 nm for R26.1. The inset shows room temperature spectra in the 590-nm region (with
a tilt assigning zero values at 550 nm and 630 nm) for membranes of RCLH10 (green),
ΔLH2 (blue) and R26 (red). The amplitudes were normalized on the P+ absorbance
change at 542 nm induced by a saturating illumination of 1.5 s duration in the presence
of myxothiazol (2 μM) and sodium ascorbate (1 mM). (B) Difference spectra R26.1
minus R26 (dark red) and R26.1 minus ΔLH2 (dark green). The latter spectrum peaks at
867 nm.
1 In this bacterium the R value with centers closed in the PQA− state is higher (≈ 1.9)
than with centers closed in the P+ state [50]., at variance with other strains (Rb.
sphaeroides, Rb. capsulatus, Rps. palustris) where the variable ﬂuorescence is 2- to 3-
fold smaller with PQA− than P+QA or P+QA−.
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The second factor depends on the efﬁciency of the transfer from the
peripheral antenna(whenpresent) to theRC, as illustratedbyFig. 3B.On
these grounds, one expects that the differences to be found between the
various strains or culture conditions of Rb. sphaeroides should simply
depend on the amount and arrangement of LH2, as the core complex
properties should not vary. This surmise would accord with the
comparison (see Table 1) between photosynthetically grown WT and
LH2-less strains, showing a somewhat higher R in the latter. As
discussed in Section 3.2.1, this result indicates that the losses in LH2
are small, although not negligible. Put together with literature data
showing that the excitation equilibration is not achieved when light is
absorbed by LH2 and RCs are in the open state, one can estimate,
referring to Fig. 3B, log(k21/Ko)≈0.5–1 (recalling that k21 is a global rate
constant for the transfer from the whole LH2 domain to LH1).
The view that LH2 is the sole factor controlling R in our panel of Rb.
sphaeroides strains does not sufﬁce, however, to account for other data.
For instance, it does not explain why semi-aerobic cultures display a
lower R, while their LH2 content (with respect to LH1) is 2–3 times
lower than that of theWT, unless one assumes that the LH2 happens tobe poorly connected to the core complexes in these membranes. This
may not be excluded, regarding the ﬁnding of Tucker and colleagues
[48] that themembranes found in their “upper pigmentedband”display
a low efﬁciency of the LH2→LH1 transfer. This membrane fraction is
ascribed to budding precursor regions of the mature intracytoplasmic
membrane (chromatophores). Our membrane preparations are not
expected to include this fraction, as conﬁrmed by the fact thatmost RCs
can be reduced by cytochrome c2 (in a preparation from semi-aerobic
GA, we found that ~86% of the RCs could be reduced by the endogenous
cytochrome c2), which should not be the case for the open structures
present in the upper pigmented band. Nevertheless, Tucker's ﬁnding
shows thatmembraneregionswithpoorly connectedLH2mayexist and
it is possible that chromatophores from semi-aerobic cultures contain
such regions. Conversely, an unexpectedly high value of Rwas found in
the cytochrome c2-lacking mutant CYCI7. This strain presented the
highest R value (4.6) found in this study, which is especially surprising
since this strain was grown semi-aerobically. The LH2/LH1 ratio was
about 54% that of the photosynthetically grown WT, somewhat larger
than found in semi-aerobically grown Ga (≈ 30%).
The anomalously high R found for CYCI7 appears to be entirely due
to a higher Fm level, while the F0 level is unchanged. This was
established by comparing the ﬂuorescence levels in membranes of
CYCI7 and semi-aerobic GA diluted at the same OD in the region
where ﬂuorescence was excited (not shown). This is not consistent
with a modulation of the transfer efﬁciency from LH2, which would
offset both ﬂuorescence levels, but, rather, it points to a different
quenching efﬁciency of state P+. Tentatively, we suggest that the
oxidized cytochrome c2 may interact with the core complex and
enhance the quenching by P+. The effect of cytochrome c2 on R is also
apparent in Rb. capsulatus where the c2-less strain FJ2 has a higher R
than the WT, especially when comparing with the semi-aerobic
culture. Further work is needed to conﬁrm and interpret this effect.
It may be noted that the hypothesis of an effect of cytochrome c2
on the quenching properties of the core complex in the P+ state may
provide an explanation for the lower R value in (c2-containing) semi-
aerobic cultures of Rb. sphaeroides compared with WT. Under such
conditions the relative amount of cytochrome c2 per RC is increased
[49]. The ranking with respect to R (semi-aerobic WT, photosynthetic
WT, CYCI7) could thus simply reﬂect the c2 content.
The low value of R (≈ 2.6) found for the R26 strain raises another
problem. This carotenoidless strain does not assemble the LH2
complex, so that one would expect a high value of R, close to that
found in the other LH2-less strains (RCLH10 and ΔLH2). Strain R26.1
has also a low R, but this suppressor strain assembles a modiﬁed form
of LH2, which could be responsible for a less efﬁcient transfer to the
core complex. On the other hand, the low R value in R26 must be
caused by an alteration of LH1. We defer a further discussion of the
R26 and R26.1 cases until the later section addressing connectivity.
Table 1 indicates a signiﬁcant species dependence of R. In the
present panel, Rsp. photometricum ranks highest and Rps. palustris
lowest (among the WT membranes). Actually, we also ran experi-
ments with Bcl. viridis membranes (not shown in Table 1) which
present a still lower value R≈1.6.1
Before leaving the subject of ﬂuorescence levels, we would like to
emphasize that the R ratio is not by itself an indicator of the
photochemical yield. It has been known for long (see, e.g. [51]) that
RCs in the P+ state and even more in the QA− state [52,53] (see
previous footnote) are still efﬁcient quenchers. Based on ﬂuorescence
lifetimes [54,55] (~ 250 ps with closed RCs in state P+ and ~900 ps in
membranes of mutants lacking the RCs) one can estimate that ~80% of
the excitation is trapped by the “closed” centers—with signiﬁcant
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discussed above. This should be kept in mind when attempting (see
e.g. [56]) to estimate photochemical yields from ﬂuorescence levels by
using the formula:
Φ≈ Fm−F0
Fm
= 1− 1
R
ð32Þ
whereΦ is the photochemical yield with all centers open. Eq. (32),
originally put forward in reference [57] has been widely used in
Photosystem II (PS II) studies. A more correct expression is in fact, for
an array of core units without LH2 (see also [17]):
Φ =
ko
Ko
=
Fm−F0
Fm
 
ko
ko−kc
ð33Þ
Thus, Eq. (32) provides a good approximation when kcbb ko.
Therefore, it may be acceptable for PS II, where R(QA−)≥5, but it is
rather inaccurate for bacteria. For instance, if we assume typical rates
of ko≈(50 ps)−1, kL≈(1 ns)−1, one has Φ≈0.95, whereas the Eq.
(32) would yield a ﬁgure of 0.67, with R=3. The error is ~30% (while
in the case of PS II it was estimated ~14% (Eq. (17)).
4.2. Connectivity
4.2.1. Species differences
Table 1 lists the values of the connectivity indicator J measured in
the various strains investigated in this study. As explained earlier,
Γ1= J+1 expresses the relative enhancement of the cross section of
an open RC when closing the neighboring RCs. This parameter
depends on R, but the combination (12) of both quantities (shown in
the fourth column) provides an estimate of the ratio kt/Ko that allows
an R-independent comparison between the different species. In this
respect Table 1 shows that Rb. capsulatus is the WT strain with lowest
connectivity, while Rsp. photometricum and Rps. palustris rank highest.
Rb. blasticus and Rb. sphaeroides form amiddle groupwith very similar
characteristics. One may enlarge the panel by using Trissl's data [14]
for Rs. rubrum ( J=1.71, R=3.32, kt/Ko=2.78) and Bcl. viridis
( J=0.67, R=1.94, kt/Ko=2.48; with RC's closed in the QA− state).
Thus, these two LH2-less species have a high connectivity (judged
from the kt/Ko ratio), although not as much as the LH2 containing Rps.
palustris (leaving aside the particular case or R26).
Overall, among the investigated bacteria (considering the photo-
synthetically grown WT strains), the variation range for J is relatively
modest. It implies that the (maximum) enhancement of the trapping
section due to excitation connectivity ranges from 1.5 (Rb. capsulatus)
to 3 (Rsp. photometricum). On the other hand, the variation range for
the ratio kt/Ko is broader than the one of J, from 0.2 (Rb. capsulatus) to
4 (Rps. palustris), suggesting that strains with a low value of R, like Rps.
palustris, may compensate for this by enhancing kt.
4.2.2. Rb. sphaeroides: effect of LH2
One goal of this study was to examine whether the tight,
crystalline packing of the RC–LH1 dimer in the tubular membranes
of the LH2-less strain RCLH10 entailed an enhancement of the
connectivity. The answer appears negative: there is no signiﬁcant
increase of kt/Ko, contrary to the lake behavior that could be expected
from a markedly facilitated transfer between the core dimers. A
qualiﬁcation regarding this conclusion is that we failed to obtain pure
preparations of tubular membranes so that our samples contained a
mixture of chromatophores and tubes, with a membrane area of the
latter amounting to ~20% of the total.2 Thus, the connectivity2 In thin sections of our RCLH10 cells, the intracytoplasmic membrane appeared
predominantly tubular. It thus seems that the “chromatophore-like” vesicles present
in our preparations may in fact be fragments of tubes.enhancement in the tubular fraction could be masked by a decreased
connectivity in chromatophore regions—which seems unlikely given
the general trend toward LH complexes packing observed in AFM
studies. The other LH2-less strain ΔLH2 used in this study did not
present a tubular organization of the intracytoplasmic membrane
(about the rather enigmatic relation between the absence of LH2 and
the membrane structure, see Hunter [31]) and the membrane
preparation was entirely composed of chromatophores. The connec-
tivity parameters were very similar to those of RCLH10 despite the
different membrane structures. We conclude from these results that
the tight packing of the core complexes is not tight enough to render
the dimer to dimer transfer kt faster than the trapping rate within a
core complex. In contrast, the core to core transfer within a dimer is
much faster than Ko [16]. This is consistent with the ﬁnding [58] that
connectivity is markedly decreased in membranes of a PufX−mutant.
The absence of the PufX subunit prevents the formation of core
dimers, leading to monomers with a complete LH1 ring [22]. The
decreased connectivity may then primarily result from the elimina-
tion of the very efﬁcient intra-dimer transfer, which is not
compensated by the less efﬁcient (but not necessarily rare) contacts
between monomers.
According to previous studies [26,59], the packing of dimeric core
complexes observed in tubular membranes from LH2-lackingmutants
of Rb. sphaeroides is also occurring on a smaller scale in WT
chromatophores, as illustrated in Fig. 1E, at variance with the more
disordered arrangement (Fig. 1D) found in Rb. blasticus [5]. The
experimental support for this view was obtained from linear
dichroism experiments using squeezed gels [59] or from AFM
experiments using ﬂattened fused membranes [26]. Both situations,
however, imply modiﬁcations of the membrane shape, which might
cause rearrangement of the supramolecular organization. Our results,
showing similar connectivity in WT and RCLH10 membranes, are
consistent with the arrangement of Fig. 1E but do not provide positive
evidence since the connectivity is also very similar to that of Rb.
blasticus. At any rate, it is clear that the arrangement of Fig. 1E
provides no particular ﬁtness as regards connectivity. In strains like
Rb. sphaeroides (including RCLH10) or Rb. blasticus, the excitation
visits Nc≈3–4 monomers (or two dimers) when the RCs are closed,
showing that the packing of core dimers along more or less extended
rows is useless as regards connectivity.
We included the strain BC17 in our study, with the idea that the
absence of the bc1 complex might enhance the connectivity, by
removing a possible spacer between LH complexes. A small
enhancement was indeed observed, but this may not be signiﬁcant.
4.2.3. Rb. sphaeroides: the R26 case
Unexpectedly, the highest value of J (= 2.30, see Fig. 5B) found in
this study was obtained with strain R26, a spontaneous carotenoidless
mutant of Rb. sphaeroides which does not assemble LH2. As discussed
above, the loss of LH2 cannot account for the strong enhancement of
connectivity. A particularly intriguing feature is the fact that the value of
Jmarkedly exceeds the “maximum” lakemodel value (R−1=1.60)—so
that the calculation of kt/Ko becomes meaningless.
It seems that a minimummodel that could account for the strange
behavior of R26 must imply a heterogeneity between a domain with
high connectivity (accounting for the high J) and an antenna domain
unconnected (or poorly connected) to RCs, causing the low apparent
R. If the well-connected domain has a value of R close to the one of the
other LH2-less strains (~ 3.8), the observed value of J=2.3 is smaller
than the Jlake limit of 2.8. This couple of values (J=2.3, R=3.8) would
imply kt/Ko=4.6, i.e. a 7- to 8-fold enhancement of kt compared with
the WT (assuming Ko unchanged). On the other hand, the offset from
the unconnected domain, which, added to the F0 and Fm contributions
from the well-connected domain, would cause a lowering of the
global R from 3.8 to 2.6 is≈0.20×Fm. Assuming that the ﬂuorescence
yield of an antenna domain deprived of RCs is about 4-fold the yield of
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the antenna residing in the unconnected domain would be about 5%.
As indicated in Section 3.2, the LH1/RC ratio is about doubled in
R26 compared with other LH2-less strains (and most probably with
WT). Tentatively, we suggest that most of the “excess” LH1 is inserted
between (possibly modiﬁed) core complexes, so as to enhance their
connectivity, while a small fraction (~ 5%) fails to establish a
connection with this RC containing domain. The surmise that the
LH1 of R26 may adopt an anomalous structure is consistent with the
fact that the carotenoid plays an important role in stabilizing the
oligomeric assembly of the complex [60]. The absence of carotenoid
and the βLeu29→Pro change may be responsible for the lability of
LH1 in R26 noted in [45]. Furthermore, the AFM study of carotenoid-
containing but RC-less LH1 by Bahatyrova et al. [61] revealed a great
variety of shapes and sizes of the isolated complex. Because of the
excess of LH1 over the normal LH1/RC ratio in R26, the freakish
arrangements found in that work must be present and probably
account for the heterogeneity appearing in our data.
In the R26.1 strain, the canonical LH1–RC stoichiometry appears
restored, and so is the assembly of LH2 (despite the absence of
carotenoids). The values of R and J are both diminished in R26.1
compared with R26. The decrease of J is in line with the interpretation
proposed above, relating the enhanced J in R26 to the presence of
anomalous excess LH1. On the other hand, the presence of anomalous
LH2 in R26.1 may be the origin of the decreased R, if the LH2→LH1
transfer is inefﬁcient, assuming that this effect prevails over the
probable disappearance of the unconnected LH1. The ratio kt/Ko=2.9
is nevertheless larger than in the WT, suggesting that the high
connectivity trend of R26 is still somehow present in R26.1.
The sequences of the genes coding for the LH1 and LH2
polypeptides (Table 2) provide no obvious clue to the cause of the
observed phenotypes. The αVal22→Ala replacement found in the
LH1 of R26.1 can hardly be entirely responsible for the recovery of a
more normal LH1/RC ratio and even less for the recovery of LH2.
Modiﬁcations in other parts of the genome are thus most probably
involved. The abundance of mutations in the R26 family is in line with
the loss of the protective function of carotenoids.3 Clearly, the theoretical analysis of annihilation experiments would need to be
recast in order to incorporate current knowledge on the structure of LH complexes and
transfer mechanisms, as outlined in Ref. [13].4.2.4. Rsp. photometricum: a comparison with the study by Fassioli et al.
[18]
Among the strains investigated here, Rsp. photometricum ranks as
the WT strain with highest J. Membranes from this bacterium have
been studied by AFM [24,62] (see Fig. 1C) and the precise organization
of the LH complexes thus obtained has been used for a theoretical
study of excitation transfer by Fassioli et al. [18], using the master
equation approach outlined in Section 3.1. It is thus interesting to
compare the present results with the computed estimates. We note
that the LH2/LH1 ratio in our membranes is intermediate between
those of the high light (HL) and low light (LL) membranes examined
by Fassioli et al. [18] and Scheuring and Sturgis [24].
The connectivity predicted by Fassioli et al. [18] is higher than
what we found. The values of J computed in that work are 1.7 and 1.6
for HL and LL membranes, respectively. This is lower than the
measured value (1.95), but the calculation relied on the assumed
value R=2.84 (HL; or 2.70 for LL), so that the kt/Ko ratio would be
~12–16, i.e. about 7-fold larger than the value deduced from our data,
with R=4.0 (Table 1). Conversely, in order to obtain kt/Ko≈14 with
R=4.0, one should have J≈2.9, much higher than the experimental
value. This discrepancy could arise from the inaccuracy of our
approximate “homogeneous” treatment: i.e., expression (12) could
be too inaccurate to allow a meaningful estimation of the dependence
of J on R. Alternatively, the problemmay not arise from the treatments
but from the values of the microscopic rate constants adopted by
Fassioli et al. [18]. As argued below, the latter option seems to be the
right one.In order to compare the two approaches, we insert the rate
constants used by Fassioli et al. into our model (after appropriate
adaptation) and see whether the resulting J value agrees with theirs.
This is described in Appendix A where the details of the transposition
procedure are explained. We obtain in this manner a value of J≈1.8,
close to the value of 1.7 computed by Fassioli et al. One can extend the
test by investigating the effect of R, e.g. by setting R=4, as observed
experimentally and compare the output of both methods. The
homogeneous treatment predicts that, keeping the same set of rate
constants (except for the quenching by closed RCs, kc) while adopting
R=4, a value of J≈2.8 should ensue. In the master equation
description, R=4 is obtained by setting k*diss=1/(60 ps) instead of
1/(30 ps). When this was done, the calculation resulted indeed in
J≈2.8 (F. Fassioli, unpublished results). This conﬁrms the good
agreement between both methods.
We are led to conclude that the too high connectivity estimated in
Fassioli's work (as expressed by the 7-fold larger ratio kt/Ko) is not
due to a discrepancy in the treatments but must reﬂect an
overestimation of the transfer rate constants. However, the set of
values adopted by these authors is derived from literature estimations
(partly from kinetic experiments, partly from theoretical calculations)
and is not biased towards a selection of particularly high transfer
rates. For instance, a similar problem arises when comparing the value
of kt/Ko≈0.8 estimated for Rb. sphaeroides in the presentwork to the
estimates computed by Şener et al. [63], i.e., Ko≈(37 ps)−1, kt
(between dimeric core complexes)≈(4 ps)−1. As a tentative expla-
nation for such discrepancies, we suggest that the number of transfer-
efﬁcient contacts between adjacent complexes during the excitation
lifetimemay be less than suggested by the AFM (or EM) images. A ﬁrst
possibility is that on the relevant picosecond scale, the structure of the
system is more irregular than suggested by the “static” images, with
more deformed complexes and an enhancement of the frequency of
pairwise contacts at the expense of multiple interactions. Thermal
disorder may also be expected to affect transfer efﬁciency through
spectroscopic factors, in relation with inhomogeneous broadening.
Modulation of the electronic transition energies by slow conforma-
tional changes of the protein matrix results in a variety of regimes
from coherent motion of a delocalized exciton to self-trapping of the
excitation on a localized site [38]. As a consequence of this, some of
the contacts between complexes will be inefﬁcient because of
transient spectral mismatch between the potential partners.
4.2.5. J measurements and annihilation data
Finally, we would like to discuss the degree of agreement between
the present results and those derived from singlet annihilation
experiments. In this technique, instead of probing connectivity
through the trapping efﬁciency of the RC, one uses the quenching
caused by the encounter of two excitons, following the excitation of
the system by intense picosecond laser pulses. Results from such
investigations have often been interpreted as indicating large
connection domains, containing up to 30 RCs and 3000 Bchl [64].
This seems at odds with the more modest effects described here, such
as enhancements of trapping cross section in the 1.5–3 range, and we
wish to discuss this issue.
The theoretical framework for analyzing the data [9,10] assumes
that the excitation migrates within domains containing a ﬁnite
number λ of RCs imbedded in a homogeneous pigment array.3 From
the ﬁt of the experimental dependence of the ﬂuorescence yield as a
function of ﬂash energy, one can estimate λ. This treatment, where the
allowed diffusion domain is ﬁnite, is different from the approach used
in the present work where an inﬁnite diffusion domain is assumed
while the effective diffusion path is limited by the ﬁnite transfer rate
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compare the results. In our approach, we can estimate Nc from
measurements of J and R (Eq. (14)). This is the average number of
hops between core complexes made by the excitation. In a two-
dimensional randomwalk on a square lattice, this implies a root mean
square displacement d=
ﬃﬃﬃﬃﬃﬃﬃﬃ
Nc a
p
(where a is the unit cell dimension,
henceforth taken=1). The maximum size of a domain where the
trajectories of two excitations have a signiﬁcant chance to overlap can
be taken as a circle with a radius of 2d, thus containing 4πNc sites: we
denote this as λmax. In other words, if we consider an inﬁnite lattice
and assume that the excitation makes on average Nc hops, the
domain size estimated from an annihilation experiment would be
~λmax=4πNc. On the other hand, ﬁnding a value of λbλmax would
indicate that the excitation is corralled within a smaller physical
domain.
When applying the above correspondence rule, it appears (see
Appendix B) that the discrepancy between the large excitation
diffusion domains inferred from annihilation experiments and the
more restricted domains derived from experiments based on the φ(x)
curves may be essentially a matter of semantics. A J value of 1,
implying that an open RC surrounded by closed RCs enjoys a twofold
enhancement of its cross section, is consistent with an Nc of 4 (see
Table 1), corresponding to an annihilation domain of λmax=50.
Furthermore, the information derived from φ(x) concerns core to core
transfer (direct or via LH2) and is not simply related to the
connectivity of the LH2 domain. For instance, if the LH1→LH2→LH1′
path is relatively inefﬁcient, the value of J will reﬂect mostly the
efﬁciency of the direct LH1→LH1′ path. Under such circumstances,
one can have a low J even though the LH2 networkmay be extensively
connected—which will appear as a large domain in annihilation
experiments.
5. Conclusions
A primary ﬁtness requirement for the organization of the antenna
complexes is that the excitation is efﬁciently conveyed to the open RC,
especially under light-limiting conditions, when most RCs are open.
This concerns the direct LH1→RC or LH2→LH1→RC pathways.
The indirect pathways (LH2→) LH1→ LH1′→RC or (LH2→)
LH1→(LH2→) LH1′→RC provide an additional advantage by allow-
ing more efﬁcient light harvesting when a fraction of the RCs are
closed. The efﬁciency of this pathway is measured by parameter J. It
should be noted that the occurrence of a signiﬁcant fraction of closed
RCs implies relatively intense illumination where enhancing the cross
section of the open RCs is not necessarily very useful, or even
desirable. Furthermore, the extra ﬁtness gained by increasing J may
have to be balanced against other requirements. Notably, in order to
increase J one must have strings of contiguous complexes connecting
the core complexes, which may hinder the diffusion of the quinone
shuttling electrons between the RC and the bc1 complex. The range of J
in the different bacteria investigated thus far is 0.5 (Rb. capsulatus) to
1.95 (Rsp. photometricum); for comparison, in chloroplasts' PS II, J is
found in the 1.5–2.5 range.
The value of J≈1 found in Rb. sphaeroides is in good part due to the
dimeric association of the RCs, since the puriﬁed dimeric complexes
have J≈0.8 [16]. When disrupting the dimers (PufX− mutant), J is
markedly decreased (J≈ 0.3) [58]. On the other hand, when favoring
the inter-dimer contacts as in the LH2-less strains, J is a little
increased. One can infer from these results that the rate constant for
the transfer between dimeric core complexes is not very fast, i.e.≈ Ko,
as implied by the value estimated for the kt/Ko ratio (see Fig. 4B for a
simulation of a connected dimers model). The fact that R26, with its
de-regulated LH1 present in large excess over the RC displays a
marked enhancement of J shows that the low value of kt in the WT
does not reﬂect a physical limitation but probably corresponds to a
ﬁtness optimum as suggested above. Some strains achieve asigniﬁcantly higher kt/Ko ratio: Rsp. photometricum (1.86), Rs. rubrum
(2.3) or Rps. palustris (4.1).
As noted when discussing the simulation of excitation transfer in
Rsp. photometricum (Section 4.2.4), it appears that the transfer rates
between LH complexes estimated in the literature predict a greater
connectivity than experimentally found, as previously pointed out by
Trissl [14,15]. The reason for this discrepancy is unclear. On the other
hand, we believe that, as argued above (Section 4.2.), the connectivity
results derived from annihilation experiments are in reasonably good
agreement with the estimates obtained by analyzing the φ(x)
function, after proper clariﬁcation of semantic issues.
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Appendix A
In the calculations of Fassioli et al. [18], the deactivation rate
constant was kdiss=(1 ns)−1 (this is the kL in our notation); for the
transfer between individual complexes (as speciﬁed by the sub-
scripts) they assumed: W11=(20 ps)−1; W21=(3.3 ps)−1; W12=
(15.5 ps)−1; W22=(10 ps)−1; for the transfer from LH1 to RC and
back, they adopted k1=(25 ps)−1 and k-1=(8 ps)−1, respectively;
ﬁnally, the rate of charge separation on the open RC was taken as
kcs=(3 ps)−1 and the rate of excitation decay on the closed RC as
kdiss⁎ =(30 ps)−1. The latter value was chosen so as to adjust R to its
assumed value of 2.84. To transpose to our model, we ﬁrst calculate Ko
and Kc (see [17]):
ko =
k1 kcs
k−1 + kcs
≈ 34psð Þ−1 kc =
k1 k

diss
k−1 + k

diss
≈ 119psð Þ−1 ðA:1Þ
We then attempt to express the other rate constants featured in
Fig. 2 in terms of the W's. As the core complexes in the AFM images
appear to have, on average, n11≈0.6 contact with another core
complex [24], one may estimate kt≈0.6 W11=(33 ps)−1. On the
other hand, k12 expresses the rate constant for transfer from a core
complex to (any) LH2 and should thus correspond to n12 W12, where
n12 stands for the average number of LH2 complexes adjacent to a
core complex. One has n12≈6.5 from the AFM image, so that we adopt
k12 ≈ 6.5 W12=(2.4 ps)−1. The only parameter left is k21 (or L=
k21/ k12), which is difﬁcult to estimate, because it corresponds to some
average rate of transfer to LH1 of an excitation residing in the whole
LH2 domain, encompassing a broad range of distances (approximat-
ing k21 as n12 W21 should be valid only in the limit of very rapid
transfer through LH2, i.e. W22→ ∞ ). However, if we impose R=2.84
in order to match the value assumed in Fassioli's work, there is no free
parameter anymore and the value of k21 is determined. To compute
this value, we expressed the formulae (16–18) as functions of L, while
inserting the values estimated above for Ko, Kc, kt and k12. The function
R(L) is obtained as a sum of R1(L) and R2(L) with weights
corresponding to the relative light absorption of LH1 and LH2 in the
conditions depicted in Fassioli's paper, i.e. 0.11 and 0.89, respectively.
The value of L which satisﬁes R(L)=2.84 is L≈0.43, thus
k21≈ (5.6 ps)−1; the values of R1 and R2 are 2.92 and 2.83,
respectively. One has ﬁnally, applying Eq. (16): κ≈(2.4 ps)−1 (the
rate constant for core to core transfer through LH2), kt′≈(2.2 ps)−1
(the global rate constant for core to core transfer) and using Eq. (15),
J≈1.80. This is close to the value of 1.7 obtained in the simulations
run by Fassioli et al., despite the numerous approximations involved
in our transposition procedure. Incidentally, one may notice that
the ratio kt′/Ko′ is ≈14, showing that the “phenomenological”
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provides an acceptable approximation.
One may now examine what these rate constants predict for J
according to both treatments, if one sets R=4, as experimentally
observed. Keeping kt/Ko=12, one obtains from Eq. (12) (with R=4),
J=2.77 (or 2.80 with kt/Ko=14). On the other hand, Dr. Fassioli
(private communication) re-ran the master equation simulations
with kdiss* set to (60 ps)−1 in order to obtain R=4. The resulting value
of Jwas 2.8, in excellent agreement with the homogeneous treatment.
We conclude that the homogeneous treatment is a reliable tool that
may be expected to provide generally a good approximation to more
precise calculations which take into account the detailed arrangement
of the complexes.Appendix B
To discuss the relationship between the treatments assuming an
inﬁnite diffusion domain but ﬁnite hopping rates (as done here) and
the those assuming rapid diffusion in ﬁnite domains (as used for
interpreting annihilation data), the paper by Bakker et al. [11],
discussing annihilation experiments on chromatophores of Rs.
rubrum, provides a useful bridge. Using the random walk model
elaborated by Den Hollander et al. [10], the authors estimated the
relevant rate constants. As noted above, the model and parameters
used in this 1983 study are not up to date, but this provides a
consistent analysis of the data which is suitable for the comparisonwe
wish to make with the connectivity results derived from the
measurement of J. For the effective rate constant for trapping by the
closed RC, the authors estimated kc≈2.6×109 s−1 and, for the rate
constant for hopping between lattice sites (bacteriochlorophylls),
kh≈(1–2)×1012 s−1. With the value of kL≈5×108 s−1 adopted in
that paper, the excitation lifetime is (kc+kL)−1=320 ps, which
implies a number of elementary hops (from Bchl to Bchl) of 320–640.
Keeping for consistency the authors' assumption of 50 Bchl per RC
(the current ﬁgure would be 32+2), this implies Nc≈6–12. Thus, if
the spatial range allowed for excitation diffusion were only limited by
the excitation lifetime, the effective domain size for annihilation
would be λmax=4πNc=75–150. On the other hand, the authors
estimated λ≈14–17 from the annihilation experiments, which
implies a physical boundary (possibly the chromatophore vesicle) to
diffusion accounting for the fact that λbλmax. Furthermore, we note
that there is a good agreement with the Nc value of ~10 estimated
using Eq. (14) from the J and R values obtained by Trissl for Rs. rubrum.
It thus appears that in the case of Rs. rubrum membranes, both
approaches are in good agreement.
Studies of singlet–singlet annihilation in Rb. sphaeroides were re-
ported in refs. [13,65]. In the work by Kramer et al. [65], the overall
number of connected Bchl molecules was found to be at least 240.
However, when extracting the information relevant to the emission by
the core complexes, it was concluded that the number of connected core
complexes was about 2. A similar conclusion was drawn in the study by
Westerhuis et al. [13]. The structural model proposed in this paper is in
fact similar to the arrangement of Fig. 1D, with core dimers generally
separated by one layer of LH2. The network of connected LH2, on the
other hand, encompasses a largenumber of complexes. These studies are
thus in good agreementwith our estimates for J andNc inRb. sphaeroides.References
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